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THE value of water for almost all purposes was  early recognised 
by  man ; and  the records of Greek and Roman history show what 
store was set on it,  and  what  large sums of money were annually 
spent upon securing a plentiful supply.  A quantity which  was 
then considered insufficient, or totally inadequate, would now in 
most parts of England be deemed profuse, for the ancients  were 
not content merely with  water for drinking  and household purposes, 
but insisted on having it for their  public and private  baths,  and 
for ornamental purposes such  as  fountains. 

Owing  to  the  migration of people from rural  districts  to manu- 
facturing towns in  search of work and  higher wages, the  value of 
water  during  the present century  has been mnch more keenly 
appreciated than  formerly;  and  there  are  towns  and cities  where 
money has been freely  spent,  and  the  highest professional autho- 
rities of the  day consulted, to  gain a certain supply. 

I n  order to provide for the  wants of a city, town, or district, 
when  the  water  supply is on the  gravitation principle, it is 
in  the first  place necessary, after  ascertaining  the  available  rain- 
fall,  to select sites for, and to construct,  Storage Reservoirs ; and it 
is with  the usual methods adopted for drawing off the  water from 
these that  the  Author proposes to deal. The position,  design, and 
construction of the  outlet from a large  Storage Reservoir are among 
the most serious matters  that come under  the  attention of an 
hydraulic engineer, as  the safety of the embankment may be 
endangered, and  the  risk  to  many  thousands of people in  the 
district increased, from a want of due care on these points. 

For the sake of simplicity,  the subject has been divided into  two 
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heads-namely, culverts, or  iron pipes laid  through  the embank- 
ment,  the  culverts  being of ashlar  or brickwork,  governed by 
valves, the position of which may  vary  in each case ; and tunnels 
round  the end of the embankment, in  the solid ground, and forming 
a distinct work. It is mainly on these  points  that opinion 
differs, although  with reservoirs of a less depth  than 25 feet the 
question occurs of the  advisability of using a  siphon over the 
embankment. 

The practice  first  adopted, and which  was usual  while  the con- 
struction of storage  reservoirs  was yet  in  its infancy,  was to  lay 
the  supply pipes in a trench in a direct  line  through  the embank- 
ment,  at  the deepest part,  to  draw off all  the  water  in  the reservoir. 
These pipes were commanded by a  valve, or valves,  on the  outside 
of the embankment, a, t  or  near  the foot of the  outer slope. By this 
method the  water  was allowed to fill the pipe at  all times, and 
leaky  joints  or defective pipes  were supposed not  to occur. This 
practice has  prored so da,ngerous, that it has been abandoned in 
all  embankmentsef considerable height. No line of pipes so laid, 
unless in very low embankments, can resist the pressure of the 
earthwork  in  settling ; and should  a  leaky joint occur, from want 
of access to  the pipe, nothing  short of emptying  the reservoir and 
cutting a drift  through  the  embankment can  be undertaken  with a 
chance of success. 

This experience led to  the adoption of another method, now 
constantly carried out., although  not  altogether unobjectionable. 
This is the  building of a culvert of ashlar masonry or brickwork, 
of some such forms as those shown on Plates 2 and 4, Figs. 2,  4, 
17 and 18, in  which  culvert  the pipes are laid. A stopping piece 
of ashlar is placed across the  culvert at   the commencement of the 
line of supply-pipes, usually a t  or  near  the foot of the  inner slope 
of the embankment.  These  precautions were supposed to be 
effectual against  all danger. This, however, does not seem to be 
entirely  the case, as  the pressure of the  earthwork of the embank- 
ment  while  settling  into its final position, and  the movement of 
the puddle in  the  trench before it is consolidated, caused fractures 
in even the best ashlar. I n  fact, it is  an open question whether 
the  best  ashlar is the most suitable  in these cases, as from its 
rigidity it allows of no movement without  sustaining  injury. 
Culverts of first-class ashlar  are rendered  unsafe (Plate 2, Figs. 
2 and 4) by  the masonry both  inside  and outside the embankment 
being  drawn  out  under  extreme pressure, leaving spaces at  the 
joints  which  have  to be plugged. The stones in some instances 
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have been fractured,  and  the coping and masonry of both the forebay 
and  the  tailbay  greatly damaged and displaced, although  the 
workmanship and quality of the masonry may  have  left  little  to 
be desired. 

Culverts  under  an  embankment  have  yet  another drawback, in 
the difficulty of crossing the puddle trench, or, as  in  many modern 
instances,  the concrete trench. I n  a puddle  trench, especially 
where  the geological formation is not  watertight,  and  where  the 
excavation has  therefore  to be  carried to a great  depth before 
finding a suitable bottom, the  puddle continues settling for an 
uncertain period. The  nature of the  clay,  the method in  which 
it has been put  into  the  trench,  whether  raw  and subjected to 
cutting  and cross-cutting several times, or  whether it has 
been weathered before being  sent  to  the  trench,  are  all  factors 
in  the problem. This  settlement of the clay is  liable  to frac- 
ture a culvert passing through  an embankment, or else to leave 
a cavity  underneath, supposing the  culvert to be strong  enough 
to  resist  the pressure from above. To obviate the danger, a 
brick  or  stone  pillar  has sometimes been built from the solid 
foundation of the  trench  to  support  the  culvert.  This, however, 
does not  entirely remove the difficulty, as  although  the  portion 
of the  culvert crossing the  trench remains rigid,  the  part imme- 
diately on either  side is rendered more liable  to  fracture ; and even 
trenches of concrete are open t,o this objection. The  uncertainty 
referred  to  has been in  some cases provided against  by a slip  joint  at 
that  part of the  culvert passing across the  trench. It is of a some- 
what  larger size than  the  general section of the  culvert,  and is 
independent of the remainder, being capable of a slight  vertical 
movement, so that should the puddle settle,  the  central portion might 
also settle  without  damaging  the remainder of the  culvert  inside  and 
outside the puddle  trench. This method would undoubtedly succeed 
if the pressure above were  perfectly vertical ; but  in  high embank- 
ments  this  cannot  be  the case, as  there is for a  considerable time a 
longitudinal  as  well  as a transverse movement, and  the possibility 
of fracture  or displacement of the  culvert remains  almost as before. 
There are, however, distinct  advantages  in  the system of carrying 
a culvert  under  the embankment. I n  the  first place, for speed and 
economy this method is preferable, although it needs care and  the 
best  workmanship  to avoid the  dangers before spoken of. Usually 
great  care is first taken  as  to  the foundation of the  culvert. It is 
built  in a  trench, and  entirely enveloped in  concrete, which when 
set forms an  outer  culvert,  and  the  trench  in  many cases is also of 
concrete, not puddle, the former material  having come into  general 
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use. It is claimed for  this class of outlet  that  first-rate workmanship 
can be guaranteed,  as  the whole work is done under broad daylight, 
and  any imperfections-scarnping, or the use of inferior materials- 
can be readily observed and remedied ; and indeed many such CUI- 
verts  have been built,  and no defects of any  sort  have been observed 
If  culverts  under  high  railway  embankments were  carefully ex- 
amined some years  after completion, many useful lessons might be 
learned  as  to  the effect of the  settlement of the  earthwork.  The 
Author  is of opinion that  lofty reservoir embankments should be 
undisturbed;  and  he believes that few, if any,  banks made of 
earth,  and  left  intact,  have given cause for alarm. If once a 
culvert, of whatever description, is allowed to pass through 
them,  there  may  arise occasion for anxiety, on account of the 
possibility of a  creep of water outside the  culvert, even  if it 
should for years  appear  watertight  within. 

An  alternative method has been adopted, and one designed in 
consequence of the  feeling of the  insecurity of culverts carried 
through  an  embankment-a feeling which many engineers must 
have experienced when  filling a new reservoir for the first time. 
This  is  the  driving of a tunnel  in solid ground,  away from the 
embankment,  but coming round or under one end of it in  it 

V-shape. By  this  arrangement  the  embankment  is  left  intact,  and 
indeed might be  carried away,  but would yet leave the  tunnel, 
pipes, and valve tower safe. I n  fact  the  two works are  distinct ; 
there is no  danger of settlement, and no crossing the puddle or 
concrete  trench. To  this plan several objections have been raised, 
namely  that  the work being done, as  all  tunnel work must 
be done, in comparative  darkness, the work might therefore  be 
scamped ; that  the  original position of the  strata above the  tunnel 
would possibly be  displaced, and  thus lead to  leakage  in  certain 
geological formations  far  up  the  valley;  and  that  the  backing 
up of the crown of the  arch is a matter of extreme  difficulty, 
and even if  carefully watched is  apt  to be imperfect.  These 
arguments-excepting the one of increased first cost, which  may 
be dismissed if  almost  absolute security is gained-are not of 
such  a nature as to prove that  this  plan is open to  the serious 
drawbacks of a culvert  under  the embankment,  since  if any 
leak does occur i t  is not  in  the most dangerous place, and does 
not affect the  stability of the embankment. The question of 
expense certainly  is  in favour of the  culvert ; otherwise, taking  the 
stability of the  embankment  (and it is here  the  greatest expense 
occurs) the  argument is entirely  in favour of the  tunnel.  Safety 
is the  great  test,  as most Storage Reservoirs, if the  water  had to be 
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run off, or if it unfortunately  burst  the embankment, would be 
the cause of an immense amount of damage, especially in  large 
manufacturing t,owns. 

In the  earlier examples, the  majority of which still  exist  as 
originally constructed, the valves  were placed at   the foot of the 
out,side slope of the embankment. In most cases this  is extremely 
dangerous, as it prevents necessary repairs.  Usually, however, a 
valve-pit is built on the  inside of the puddle trench,  and is buried 
in  the  embankment  (Plate 2, Fig. 2). The valves are  set at  the 
bottom of the  pit, where it is connected with  the  inside  culvert, 
and  are worked from the  top  by rods and  gearing. A stopping 
of ashlar  or  brickwork is placed across the  end of the  culvert on 
the inside of the embankment, where  the  line of supply-pipes com- 
mences. This  plan  has disadvantages,  as the movement of the 
earthwork  in  the  bank  is  liable  to cause the  valve-pit  to  deviate 
from the  perpendicular,  which creates  a tendenoy to  fracture a t  
the  point of junction  with  the  culvert,  and  prevents  the rods from 
working  vertically ; besides which  the  water is allowed to go half 
way  through  the  embankment  in  the  inner  culvert,  and  in  several 
instances has caused great trouble. 

Occasionally the  line of pipes has been carried through  the 
embankment,  a stopping  having been placed near  the inside toe. 
The pipes then  terminate  with a  valve having a  sloping face, which 
is worked by draw-rods passing  through  standards  rnnning up the 
inside slope of the  embankment on a line of ashlar stones. The 
draw-rods  are worked by a screw box at  the top of the embank- 
ment. Three  distinct disadvantages occur in  this method, leaving 
out of account the question of the pipes passing  direct  through  the 
embankment. First, the stones are  apt  to  settle,  and  the  least set- 
tlement  prevents  the rods from working,  passing a8 they do 
through brass  bushes in  the  standards ; secondly, t,he  method of 
closing the valves places an immense thrust upon the rods ; and 
thirdly, if any mischief of this  sort occurs while  the reservoir is 
fu l l  of water, access cannot be  obtained to  the valve, and  in 
any case the  least cleanly water of the reservoir is  drawn off. 

Frequently, however, the  line of pipes passing  through  the em- 
bankment is governed by a  valve or valves placed in a tower of 
masonry or  iron  (Plate 2, Fig. 3) founded on the solid ground,  and 
at  the  inner  end of the  tunnel or culvert. Command of the  water 
in  the reservoir is thus gained, and  all communica.tion as  far as the 
pipes are concerned can be shut off. In  the opinion of many 
engineers  this  is  not sufficient, as it is  desirable  that  free access to 
the  tunnel,  culvert,  or valve-tower  should always be attainable 
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from  end to end, so as to be able  to replace any defective pipe or 
valve  by a sound one without  either  danger or difficulty. For 
this reason i t  is desirable to protect the valves inside  the  tower 
with  duplicate valves  outside it, so as to  shut off all communication. 
This may lead to  slightly increased expenditure at the outset ; but 
it would bd trifling compared with  the difficulty in  getting  at a 
defective  pipe or valve, or with  the additional expense, which can 
never be entirely  guarded  against even by  sinking  trial  shafts, of 
encountering  faulty geological formations in  sinking  the puddle 
trench.  This system therefore seems to give  an almost  absolute 
command of the  water  in  the reservoir. 

It thus  appears  to  the  Author,  that  the  greatest safety to a 
lofty embankment is secured by  driving a tunnel in the solid 
ground  distinct from the  embankment ; and  that  the best method 
of governing  the  supply pipes from the reservoir is  by a valve 
tower at  the  inner end of the  tunnel,  which  tower should have 
duplicate valves, one  inside, the  other outside, so that  there 
should at  all  times be  perfect  control  over the  water  in  the 
reservoir. 

A few remarks  descriptive of some of the reservoirs  for the  supply 
of water t o  the borough of Bradford and for compensation, a n d  the 
alterations made by  the  engineer for the works, Mr. A. R. Binnie, 
M. Inst. C.E., will  give an insight  into  the method  adopted on 
these works during  the  past four  years, and  may  point  out some 
reasons for discarding  culverts  through  an embankment, in favour 
of tunnels  round  the  end of it. 

The  water  supply of Bradford is  obtained from three  distinct 
districts. It is divided into  the  High Level, the  Intermediate 
Level, and  the Low Level Supplies. The  High Level Supply, 
which  is destined for the  higher  parts of the town, is obtained 
from the  range of hills above the Oxenhope valley, the  ridge of 
which  separates it from the  drainage  area  supplying Halifax. The 
total  drainage area available for Bradford from this source is 
2,630 acres, for  which there  is  at present only one storage reservoir, 
the  Stubden reservoir, holding  about 93,000,000 gallons. Other 
reservoirs  are, however, in contemplation, the necessary Acts 
having been obtained;  and some of these  works-including  a 
catchwater conduit about 4 miles long, and a storage reservoir on 
Thornton Moor having a capacity of 185,000,000 gallons-are 
being commenced. The geological formation of this  district  is 
the Carboniferous; peat, clay,  Millstone grit.s, and shales, with a 
few beds of coal. 
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The  Intermediate  Supply is obtained from a  number of natural 
springs called the Mannywell Springs,  situated  about 6 miles to 
the west-north-west of Bradford. The  water of these springs,  which 
is remarkably  pure  and  abundant, is stored in  two reservoirs, the 
Upper and Lower Chellow Dean reservoirs, and from these  a linc 
of pipes  supplies  a  lower portion of the borough. 

The Low Level  Supply  is derived from the neighbourhood of 
Skipton,  and comprises the Barden,  Chelker and Silsden reservoirs. 
The  water from these  reservoirs is conducted to a  service  reservoir 
a t  Heaton  near Bradford by a  conduit.  A new reservoir is now in 
course of construction at  Upper  Barden, from the designs and  under 
the  direction of Mr. Einnie.  This  district supplies all  the lower 
portions of the borough. 

With the  last  two sources of supply  the  Author does not propose 
to deal, as sufficient instances for the consideration of Tunnel 
Outlets occur in  the first mentioned or high-level district. 

By  the sanction of Parliament,  in 1869, the Corporation of Brad- 
ford obtained the  right of the  drainage  area of 1,720 acres, part of 
the 2,630 acres before alluded to, in consideration of making  two 
compensation  reservoirs in  the Oxenhope valley, viz., the Leeming 
and  the Leeshaw reservoirs, leaving  to each of these  a drainage 
area of 510 and 515 acres  respectively, and of constrmting  two 
intercepting conduits  to drain  the  water from  these areas. These 
reservoirs and conduits are now complete, and the reservoirs given 
over to the millowners, in lieu of compensation, ful l  of water,  the 
Corporation having been formally relieved from all  further action 
relating  to compensation except  maintenance. It is with  the 
alterations which it was necessary to make that  the  Author 
proposes to deal. 

The  Stubden reservoir, which  was constructed about  twenty 
years ago (Plate 2, Fig. l), has B top-water  area of 11 acres, an 
available  depth of 5 3  feet, and a capacity of 93,000,000 gallons. 
It is connected by a line of pipes, 18 inches in  diameter and 
about 5& miles long,  with  two  large service  reservoirs near 
Bradford, one (Horton Bank) holding 162,000,000 gallons, the 
other  (Brayshaw) 57,000,000 gallons. The  Stubden reservoir 
has for some p a r s  been a source of anxiety, a s  leakage had from 
time to  time been noticed, and a portion of the  culvert on the 
outside of the puddle trench  had  to be lined  with  cast-iron 
plates. It was therefore decided to abandon the  culvert  through 
the  embankment,  and  to  substitute a tunnel  lined  with cast-iron 
plates, in  which the  delivery pipes were laid. This  tunnel (Plates 
2, 3, and 5 ,  Figs. 1, 3, 5 ,  6, 7, 9, 21, and 22) terminates in  a cast- 

Downloaded by [ Heriot-Watt University Library] on [23/09/16]. Copyright © ICE Publishing, all rights reserved.



44 WOOD ON RESERVOIR OUTLETS. [Ninutes of 

iron valve-tower (Plates 2 and 3, Figs. 3 and 9) connected with 
the  hill side by a light  Warren-girder bridge. The leakage in 
the 'old culvert, however, did not seem to increase, and it was 
not  until  June 1876 that  any  alteration was noticed. During 
that  month  the leakage  increased to so large  an  extent,  that  it 
was deemed advisable to  run off the  water to such a  level as should 
indicate  the position of the leak. After  lowering  the  water t o  
below the  upper  outlet,  Plate 2, Fig. 2 ,  the escape of water de- 
creased. But it was finally resolved to remove the old culvert, 
and  to fill in solid that portion of the  embankment;  the  tunnel 
round  the  north  end of the  embankment in place of the old 
culvert  having  already been made. The  water coming into 
the reservoir during  the reconstruction of the  bank was con- 
ducted  away  by  the  new  tunnel  outlet, which was  then of great 
service. The work was  put  in  hand  at once, and  part of the 
embankment was  excavated to  the bottom of the  culvert.  The 
width of the  cutting  at  the bottom was 14 feet, the side slopes 
being 1 to  1, and no timbering was required. It was found that 
not  only  had  the masonry of the  valve-pit been pushed consider- 
ably  out of the perpendicular, but  that  the  line of pipes to  the 
upper source of supply was  broken near  the  valve-pit,  and  that con- 
siderable  leakage must  have occurred from this fact. The  culvert 
on the inside (Plate 4, Fig. 19)  was 2 feet square, built of large, 
well-worked, and well-laid ashlar, backed with puddle. Behind 
the puddle, however, a dry  rubble  backing  wall seemed to  have 
neutralised  the  care  taken  in selecting the  ashlar  and paddle. 
The section of the  culvert outside the puddle trench is of the form 
shown in  Plate 4, Fig. 20. The whole of the  culvert,  excepting 
a small  portion on the outside, which was left for  examination, 
and  the  valve-pit,  and masonry under  the valve-pit, were removed 
and  the  portion of that embankment re-made in  thin  layers of 
about 6 inches, every  layer  being  watered  and rammed with wooden 
rammers. The puddle in  the  trench was  well  toothed into  the 
old  puddle,  which was of excellent quality,  and also into  the 
natural  ground on which the  embankment was formed, and was 
carried  to  the  top  bank level. The  outer slope of the embankment 
was considerably strengthened,  by  making  the  width of the  top of 
the  bank 20 feet instead of 12 feet, as  originally constructed, and 
adding this  amount  to  the outside slope. The  bank  has shown 
no signs of weakness, having  settled  but o few inches. 

The  Leeming reservoir (Plates 2 and 4, Figs. 4, 15, and  16), 
was constructed with a culvert  outlet, according to provisions in 
the Act, to compensate the millowners in  the Oxenhope and  Worth 
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valleys. The geological section of the  trench shows that a great 
portion of the seat of the  embankment  is on clay  (Plate 4, Fig. 1 6  ). 
When Mr. Binnie  first took charge of the work early i n  1875, it 
was discovered that,  although  the reservoir had  never been filled 
with  water,  the  settlement of the embankment had so damaged 
the  culvert,  having cracked it in  all directions, and displaced even 
the masonry of the  inlet  and  outlet,  that it was considered unsafe 
to fill the reservoir. It was therefore  determined by  the Corpora- 
tion, on the advice of Mr. Binnie, and  after  consultation  with 
Mr. Rawlinson, C.B., 31. Inst. C.E., to  drive a tunnel  similar in  
every respect to  the one in  the  Stubden reservoir. The  tunnel  was 
almost entirely  in millstone grit,  and  has been successfully carried 
out,  although  the  material was very hard. The old culvert  having 
been abandoned, i t  was necessary to fill up  that  portion on the 
inside of the puddle trench  (Plate 2 ,  Fig. 4), so as to prevent  the 
water  getting  near  the puddle. The  length of this was 156 feet from 
the  point  where it crossed the  trench  at  the  slip  joint  to  the  inside 
toe of the embankment. At  the  junction of the  inner portion with 
the masonry of the  slip  joint, a wrought-iron shield, 14 feet in  
diameter  (Plates 2 and 4, Figs. 4, 23, and 24), was placed, with  the 
view of preventing a  creep of water. A wrought-iron  plate  was 
bolted  to  the  centre of this shield, which it had been intended  to fit 
with a special casting for the commencement of the  line of supply 
pipes ; but  in consequence of the  culvert  being abandoned in favour 
of the  tunnel,  the whole of the  interior of the  inner portion of the 
culvert  was filled with  Portland cement concrete, the masonry of 
the forebay being  taken  away  and  the space filled with puddle. 

The Leeshaw  reservoir,  also situated  in  the Oxenhope valley, is 
a compensation reservoir as  authorised  by  the Act of 1869. The 
geological section of the  trench  (Plate 4, Fig. 14) will show what 
difficulties had  to be contended against;  and  as  the  culvert  was 
only partially  built a t   the  time of i v h .  Rawlinson’s inspection, and 
the  embankment  hardly commenced, it was determined  not to  run 
any risks, but  to abandon the culvert, which was already  fractured, 
in  favour of the tunnel clear of the bank. This tunnel, valve-tower, 
&C., are also complete, and  in none of these cases has  any leakage 
occurred, the  tunnels  and valve-towers being  quite  dry.  In  two 
of these cases the  culvert  through  the embankment had proved 
unsafe, and it was  on this account that  the  tunnels were adopted. 

Having  thus made a rapid  survey of the works  where it was 
considered advisable to  substitute  tunnels for culverts, it remains 
to show their design and construction. As before stated,  the 
driving of these tunnels  was  principally  through millstone grit, 
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with beds of shale. Each  tunnel was 8 feet 6 inches high  and 
7 feet wide, with  a  fall of 1 foot i n  the  length.  The  driving 
was prosecuted day  and  night;  in  many cases the work had  to 
be  carefully  timbered, and  great watchfulness  was  required to 
prevent  the roof from settling.  The  inner end of each tunnel, 
at  the  point  where  the valve-tower was subsequently  erected,  was 
about 13 or 14 feet below the level of the  ground,  into which 
‘a shaft  (Plate 3, Fig. 9) was  sunk when the lower part of the 
tower  was  built, encased in concrete l foot in thickness. At  the 
angle of the  tunnel  another  shaft was sunk (Plate 5 ,  Figs. 21 and 
22) ,  which  was of great assistance in  driving  the  tunnel, and, 
being  afterwards  lined  with cast iron, formed a v e n t i l a h g  shaft. 
The  tunnel was made of segments of cast iron, each 2 feet 
6 inches in  length,  weighing 5 cwt. 1 qr. 12 lbs., or 21 cwt. l yr. 
1 2  lbs. for the whole ring,  and was  oval in shape, 6 feet high  by 
5 feet wide, and 1 inch  in  thickness of metal. The plates, of 
which four formed the oval (Plate 2, Fig. G ) ,  had an  inside flange 
3 inches in  width  at each end  to bolt  them together,  and  a flange 
2 inches wide cast  outside the  centre of each plate  to  tie  into  the 
concrete,l  which  was l foot in thickness round the whole length of 
the  tunnel  (Plates 2 and 5 ,  Figs. 6, 7, 21, and 22). 

Each ring was carefully  planed on the  longitudinal flanges ; and 
the  four  segments of every  set of plates  being bolted together were 
then planed  on the  vertical  or  abutting flanges. This required an 
elliptical movement, and was in one case carried out  by  the  planing 
tool revolving  while  the segment  was  bolted in  a  stationary  and 
horizontal position;  in  the  other case the whole segment was 
made to revolve on the  lathe,  and  a reciprocatory motion was 
given to the tool in  the slide  rest. l’he planing of the  plates 
for the  straight portion of the  tunnel was a  matter of comparative 
ease, but  great care had  to be taken in planing  the  vertical flanges 
of the curved  portion so that  they  might be truly radial. When 
this  had been accomplished all  the curved  portion was bolted 
together in the  yard,  and  the  curvature  thoroughly tested as  set 
up, before any of the  plates composing it werc allowed to be 
sent on to  the ground. In  this  way  a perfect  fit was ensured. 

After  a  certain  length of the concrete forming the cover round 
the  two lower lines of plates  had been laid,  the  two lower plates 

Portland cement concrete, in  the proporlions of G to 1, was employed 
throughout,  and the cement was tested from time to time  in one of Mr. V. 
Blichele’8 machines. The sectional area of the  briquette was 2f square inches. 
Each  briquette when made was steeped in water for seven days, after which 
the average pressure sustained was 700 lbs. 
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were  rnn  in on a tramway,  and bedded on the concrete ready to 
receive them, care  being taken  that  the grooves were well  grouted 
with cement. A number of the bottom plates  having been 
thus  set,  and backed with concrete to  their  full  height,  the corre- 
sponding  tops,  bolted together  in  pairs, were fixed in position by 
means of an  apparatus shown on Plate 3, Fig. 12. When  the 
trolly  had  arrived  at  the desired spot,, the  vertical screw of the 
apparatus was turned  by  the wheel at  the  bottom;  this raised the 
two plates, and  at  the same time extended two  side  bars,  which 
enabled them  to  take  their proper  positions on the  under  plates 
already set. After a little experience the  two  top  plates were 
sent  into  the  tunnel  ready bolted, and  the  vertical screw of the 
machine merely lowered them  into place. They were then bolted 
together, and concrete was  well  rammed around  them, care 
having been taken  to clear away all loose material above, so 
as  to make  a good and perfectly tight  joint  with  the rock and 
shale,  and also with  the concrete round  the lower portion. The 
upper  portion  required  the  greatest care and watchfulness in 
ramming  and  grouting.  This process was carried out  in  all  the 
tnnnels,  though it would seem advisable in  future to  make the 
oval of the  tunnel-lining  in  two  instead of in four  castings. 

As it was considered advisable to provide further  against a 
creep of wat,er a t  certain points of the valve-tower  where it joined 
the  tunnel,  at  the bottom of the  air  shaft  (Plate 5, Figs. 21 and 22), 
and  at  other places as  the  nature of the  ground seemed to require, 
recesses were cut  into  the rock or  shale to  form stoppings  or 
barriers.  These  were  excavated and filled with Staffordshire blue 
brick  or  burnt  shale  bricks  in cement mortar,  well grouted. 

The  tunnel connection with  the  two lowest rings of the tower 
was of a considerably larger  diameter  than  the  ordinary section of 
the  tunnel  (Plate 3, Fig. c)), into which this,  the  end of the  tunnel, 
projected, the  cor~nection  being made by a  cast-iron gland  and 
gaskin. This  was screwed up  to  the inside of the connection, 
and a wrought-iron bulkhead, in  two segments  bolted  together, 
was fastened against it. The  upper half of this bulkhead could 
be removed to allow of the  entrance of a  workman for repairs. 
The supply-pipe passes through a  gun-metal  bush in  the bulkhead, 
and  the lower plates of the  tunnel were filled with Seyssel asphalt 
to a level  with  the  top of the bot,tom flange, or  to a depth of 
about 3 inches, thus  giving a  level floor on a-hich  the cast-iron 
chairs  supporting  the pipe  rested. 

The valve-tower was in  each instance of cast  iron,  as in the 
case of the  tunnels,  but was circular  in form, and composed of five 
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segments in  the  Stubden valve-tower (Plate 3,  Fig. 9). When 
the erection had been carried up  to  the top, all  the  horizontal  and 
vertical  joints were caulked with  iron borings and sal ammoniac. 
This method answered well;  but  in  the case of the  other towers, 
at  the Leeming  and  Leeshaw reservoirs, it was considered advisable 
to  cast  the  rings whole, and to  make them somewhat like socket- 
pipes (Plate 2, Fig. 8). This allows of a  much better  joint;  and 
with  the excellent  foundries at  hand no difficulty was experienced. 
Although  this  plan was followed here, the former method would 
seem preferable for  works  abroad, or remote from foundries of a 
first class character; as, from their  great weight-the heavier rings 
being 3 tons 6 cwt., or 16  cwt. 2 qrs. per plate-and the difficulty 
in  getting  the  upper ones in  place, considerable trouble  might be 
caused. A crane with a jib of 50 feet had to  be employed in these 
cases, and such  cranes are  not easily obtainable in  the Colonies. 
The  rings of the tower  were bolted together  by  the  inside 
flanges, 3 inches wide, and  caulked as  before; by this method 
all  the  vertical  joints were done away with. The  rings  varied 
i n  t,hickness from 2 inches at  the bottom to I t  inch at  the 
top. The base-plate on which the valve-tower stands is 7 feet 
10 inches in diameter, and  has a projection cast  on it, on which the 
vertical stand-pipe  inside the tower  rests. This stand-pipe (Plate 3, 
Fig. g), is open at  the top, extends  the whole height of the tower, 
and  is 2 feet in  diameter  at  the bottom, diminishing  to 18 inches 
at  the top. At  three  equidistant points from the bottom of the 
reservoir, or a t  15 feet, 35 feet, and 55 feet from the  top-water 
level,  branches are cast on the  vertical pipe,  governed by sluice- 
valves, attached  to which are  branches  through  the side of 
the tower, connected on the outside with flap-valves, resting on 
brackeh bolted to the  external side of the tower. 

The  inside sluice-valves are connected with  the  top of the tower 
by  vertical draw-rods  passing through  brass bushes, and  are worked 
by wheel gearing at  the top. On the special casting connecting 
the sluice-valves with  the flap-valves, vertical pipes 3 inches in 
diameter  are fixed, and carried up  to  the  top of the tower, for 
the expulsion of air while charging  the portion  between the flap 
and  sluice-ralres.  At each flap-valve a small pipe connects the' 
reservoir with  the  portion of pipe  between the flap-valves and  the 
sluice-valves, and is governed by a stop-cock. This equalises the 
pressure of water on and  behind  the flap, which can then be  easily 
raised by  long  links worked by a screw-box a t  the top of the 
tower. These cocks should  be opened before attempting  to raise 
the flaps. 
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A vertical  ladder extended up  the tower, with  gratings  at  inter- 
vals, and  the valves  were placed radially  (Plate 3, Fig. lo), so as 
to  prevent  the connections from interfering  with one another. 
The  vertical stand-pipe is joined at  the bottom to the supply- 
pipe;  and on the opposite side of the lowest portion of the stand- 
pipe a branch was cast, on which  a blank flange  was  bolted, This 
is capable of admitting a  man up the  supply-pipe  in case of stop- 
page ; and  at  the  outer end, where it leaves the  tunnel,  an  air 
valve  was affixed. 

At  the  top of the valve-towers small houses were built  (Plate 3, 
Fig. ll), the framework  being of cast iron lined with  pitch pine, 
so as t o  protect the valves and  gearing from wet. This description 
will show that  great care was taken to have  every part accessible 
in  case of emergency, even the valve-tower  being capable of being 
filled with  water  without  any passing through  the bulkhead. 

I n  concluding  these  remarks, the  Author does not presume to 
say  that  the method of having a tunnel  and valve-tower aB a 
distinct work is undoubtedly  better  than a culvert  directly  through 
the  embankment;  but  he  thinks,  when  time  and money can  be 
spared,  a  reliable piece of work  can  be reckonet3 on by this means. 
And  as  the valve-towers and  tunnels of cast iron  are a  novelty in  
waterworks, and  answer  their purpose very well,  he hopes that 
his observations may prove of practical assistance in  showing one 
way of dealing  with  an acknowledged difficulty which has come 
under  his personal notice. 

The  Paper is accompanied by several drawings from which 
Plates 2 to 5 have been  engraved. 

[THE INST. C.E. VOL. LIX.] E 
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